When given a choice between actions that yield the same reward, we tend to prefer the one that requires the least effort. Recent studies have shown that humans are remarkably accurate at evaluating the effort of potential reaching actions and can predict the subtle energetic demand caused by the nonisotropic biomechanical properties of the arm. In the present study, we investigated the time course over which such information is computed and comes to influence decisions. Two independent approaches were used. First, subjects performed a reach decision task in which the time interval for deciding between two candidate reaching actions was varied from 200 to 800 ms. Second, we measured motorevoked potential (MEPs) to single-pulse transcranial magnetic stimulation (TMS) over the primary motor cortex (M1) to probe the evolving decision at different times after stimulus presentation. Both studies yielded a consistent conclusion: that a prediction of the effort associated with candidate mov... 
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When deciding between actions, the brain must take into account their potential payoffs as well sensitive to information about biomechanics (Evarts, 1968; Thach, 1978; Kalaska et al., 1989) ? 68 When humans make free choices between reaching actions, they tend to choose the one that is 69 easiest in a biomechanical sense (Cos et al., 2011) taking into account specific control 70 requirements (Cos et al., 2012) . Importantly, even when two candidate actions are similar in 71 terms of their launching cost, subjects still choose the one that has a lower cost at the end of 72 movement. This suggests that we are able to predict, prior to movement initiation, the 73 biomechanical properties of the entire candidate movements and choose the one for which the 74 total cost is lowest. But how does this prediction take place and how much time does it require? 75 Here, we used two approaches for quantifying the time course over which reach decisions 76 evolve. The first used a timed-response task (Ghez et al., 1997) to determine the time interval as choice switches in conflict situations (Michelet et al., 2010 The task apparatus consisted of a digitizing tablet (GTCO Calcomp, Columbia MD; 0.915 x 101 0.608m) and a half-silvered mirror suspected 16cm above and parallel to the digitizer plane. chosen pseudo-randomly on each trial. In two-target trials, subjects were presented with two 118 movement choices, each defined by a via-point (cyan dot radius 1cm) and a target (3x1cm blue 119 rectangle), placed in one of the arrangements shown in Figure 1D . In the "T1-Major" (T1M) 120 arrangements, the movement toward the right target (T1) required less biomechanical effort 121 than the movement toward the left target (T2), whereas the opposite was true in the "T1-minor" 122 (T1m) arrangements. As described in detail in Cos et al., (2011) , biomechanical effort was 123 characterized using the end-point mobility ellipse (Hogan, 1985a (Hogan, , 1985b (Hogan, , 1985c , which 124 summarizes how muscle torques translate to hand displacement. In brief, movements along the 125 major axis of the ellipse are easy and require little effort, while movements along the minor 126 axis require more effort. Note that because the via-points are in opposite directions from the 127 origin, the radius of the ellipse along both directions is the same, implying that the In the TMS sessions ( Figure 1C) , the task was similar, except that the observation interval was 144 always 500ms, the targets were blue circles 2cm in diameter, and subjects were instructed to 
MEP and EMG Correlation Analysis
191
One concern about MEPs is that they could partly reflect EMG activation, rather than an 
RESULTS
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Movement preference as a function of observation interval 238 As in our previous studies, subjects exhibited a preference for moving to targets closer to the 239 starting point and along paths requiring lower biomechanical effort. To quantify these effects, 240 we pooled together the data from all eight subjects of our first experiment as a function of the However, as can be seen in Figure 2A , the influence of biomechanics and path length 251 (measured using differences between preference curves for T1M and T1m arrangements) did 252 not remain stable across the different observation intervals. In particular, the bias for shorter (Fig. 5A-B) . When T1 was chosen, MEPs at 150ms 294 were larger when T1 was closer than T2 (Fig. 5A) were inverted (Fig. 6, bottom) . 308 The transition from competition to implementation 309 To summarize the results so far, we observed two main trends in the MEPs as a function of 310 stimulation time. At 150ms after targets and via-points appeared, MEPs were generally larger 311 for those movements that subjects tended to prefer (when T1 was in the major arrangement 312 and/or was the closer target). However, later in the trial, this effect disappeared, and the MEPs 313 appeared to become more closely related to the muscular effort associated with the chosen 314 movement (i.e. larger MEPs when T1 requires more effort). This was clearly seen for the 315 influence of biomechanics (Fig. 4A) , reaching significance at 200 and 250ms (a trend seen for 316 all 8 subjects). However, it was not consistent for the effect of path length ( the MEPs were higher for the far than the close targets (6/8 subjects), as predicted, but this did 318 not persist and even reversed (for 4/8 subjects as well as for the normalized average) at 300ms. 319 We do not presently have an explanation for this finding, which should be further explored in 320 future research. 321 Finally, we investigated how well the z-normalized MEPs at each stimulation time correlated 322 with the subject's preference and/or with the muscular effort associated with the impending 323 movement. First, we calculated the relative MEP amplitude as the difference between the z-324 normalized MEPs during T1 versus T2 choices in each of the six arrangements of targets. We 325 also estimated the relative energetic demand for the two potential movements as the difference 326 in net muscle work to each target in each arrangement (see Fig. 7A ). Based on these, we 327 performed two regression analyses. The first examined how relative MEP amplitude predicts 328 subject choices (Fig. 7B) . The second examined how it varies as a function of the relative 329 energetic demand required by movements to T1 versus T2 (Fig. 7C) . Consistent with the results 
